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Accurate predictions of laser beam absorptance and how laser beam energy is distributed on a
keyhole surface are arguably the most important but challenging tasks in the study of laser keyhole
welding. In this article, laser interaction with fully penetrated keyholes has been studied by solving
the Maxwell equations for electrodynamics using the finite-difference time-domain method with
the Drude model for metals. Based on the experimental observations of Fabbro et al. [J. Phys. D:
Appl. Phys. 38, 1881–1887 (2005)], the keyhole is simplified as a tilted cylinder, and we have
extensively investigated laser absorption phenomena considering three materials (Fe, Sn, and Al),
three beam polarizations (two linear and circular), two laser beam wavelengths (1.06 lm and
10.6 lm), and six keyhole tilting angles (0, 10, 20, 30, 40, and 45). To the best of the authors’
knowledge, this is the first electrodynamic simulation of a laser manufacturing process and reveals
some interesting findings concerning laser beam absorption characteristics that can be only
obtained by full electrodynamic simulations.VC 2013 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4826207]
I. INTRODUCTION
Laser welding has become an indispensable technology
for a variety of joining applications. Although it is consid-
ered expensive in comparison to other welding techniques,
its exceptional welding quality produced by high-precision,
high-intensity optical energy has rarely been questioned. In
fact, this technology is sometimes regarded as mature, but a
complete understanding of the laser welding process is still
nowhere in sight.2–4
One of the most challenging tasks in the study of laser
welding is to predict how and how much laser energy is
absorbed because all other process physics completely
depend upon it. However, the laser absorption process is
very complicated and is affected by so many factors, such as
material type, incident angle, beam polarization, and the
state of the surface. Furthermore, when a keyhole is formed,
multiple reflections of the laser beam make the beam absorp-
tion process even more complicated. When the multiple
reflections phenomenon is coupled with highly unstable key-
hole motions, it is next to impossible to accurately predict
energy absorption patterns on the keyhole surface.
Note that in a laser keyhole welding process, energy
absorption by keyhole plasmas (which is known as the
inverse bremsstrahlung process) is also an important energy
absorption mechanism.5 This process is especially important
for high temperature plasmas and/or low frequency lasers
(such as CO2 laser). However, this process itself is extremely
complicated and depends on many process conditions, such
as shield gas flow rate, so this mode of energy absorption
will not be considered in this study, and we will focus only
on the energy absorption by multiple reflections.
In order to better understand the laser absorption process
by multiple reflections in laser keyhole welding, the ray trac-
ing technique has been frequently employed.6,7 This tech-
nique is relatively easy to implement, and a fairly detailed
understanding of the beam absorption process can be
obtained. However, a laser beam is an electromagnetic wave,
and there are so many factors that the ray tracing technique
is unable to take into account. The most obvious answer to
this problem is the use of electrodynamic simulation, such as
the finite-difference time-domain (FDTD) method.8 The
FDTD method has quickly become a very popular algorithm
for simulating electrodynamic problems since it was first
developed by Yee in 1966.9 A laser beam is an electromag-
netic wave in nature, so its interaction with materials can be
very accurately simulated using this kind of method. This
method, however, requires an extremely high grid density
(e.g., 10 grid points per wavelength), so the simulation of the
laser welding process has been impossible. Ki et al. recently
applied the FDTD method to femtosecond laser interaction
with silicon,10,11 but in their studies, the domain size was
only about 50lm.
In this study, for the first time, we have investigated the
laser absorption process during laser keyhole welding using
a FDTD method, which was recently proposed by the
authors.12 In this method, to decrease the required grid den-
sity, laser beam wavelength is increased while the laser
absorption characteristics are precisely preserved. In this
study, the keyhole is assumed to be fully penetrated, and
based on the experimental observations of Fabbro et al. on
keyhole geometry,1 we have modeled the keyhole as a tilted
cylinder. In order to systematically study laser absorption
phenomena, we have studied the effect of polarization (linear
and circular), material type (Fe, Sn, and Al), laser beam
wavelength (1.06 lm and 10.6 lm), and keyhole tilting angle
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(0, 10, 20, 30, 40, and 45). This study reveals some
interesting findings concerning laser beam absorption char-
acteristics that can be only obtained by full electrodynamic
simulations.
II. MATHEMATICAL MODEL
In this study, to simulate laser beam propagation and
interaction with metals, an FDTD method with the Drude
model for metals is employed.8 Also, in order to resolve the
issue with an extremely small wavelength of a laser beam in
comparison to the computational domain size, the authors’
recently proposed algorithm to increase the laser beam wave-
length without altering reflection characteristics is adopted.12
In this way, we believe that, for the first time, full electrody-
namic simulations of laser interaction with keyholes can be
effectively performed.
A laser beam is an electromagnetic wave, and by solving
the Maxwell equations, which are the governing equations
for electrodynamics, a very accurate analysis of laser matter
interaction can be conducted. The Maxwell equations for dis-
persive materials are written as
r  ð~eEÞ ¼ qf ; (1)
r  ðlHÞ ¼ 0; (2)
r E ¼  @ðlHÞ
@t
; (3)
rH ¼ @ð~eEÞ
@t
þ J; (4)
where ~e and l are complex permittivity and permeability of
the media, qf and J are free charge density and current den-
sity, and E and H are electric field and magnetic field,
respectively. Note that in the FDTD scheme, only two curl
equations (Eqs. (3) and (4)) need to be solved because the
two divergence equations are automatically satisfied by the
Yee space lattice shown in Figure 1.9
Here, ~e and J in Eq. (4) must be obtained as functions of
laser frequency x. In order to describe the dispersive behav-
ior of metals, the Drude model is adopted.8 From the model,
the complex dielectric constant ~er for single pole systems is
expressed as
~erðxÞ ¼ ~ee0 ¼ e1 
x2p
x2 þ ixcp
; (5)
where e0 is the permittivity of free space, e1 is the dielectric
constant at infinite frequency, xp is plasma frequency, cp is
damping constant, and x is the angular frequency of the laser
beam. Substituting Eq. (5) into Eq. (4) that is written in the
frequency domain yields
rHðxÞ ¼ ixe0e1EðxÞ þ JðxÞ; (6)
where
JðxÞ ¼ ixe0
x2
p
x2 þ ixcp
EðxÞ: (7)
Transforming Eqs. (6) and (7) back to the time domain by
using the Fourier theory and integrating the resulting equa-
tion for the current density with respect to time, the follow-
ing equations are obtained:
rH ¼ e0e1 @E
@t
þ J; (8)
@JðtÞ
@t
þ cpJðtÞ ¼ e0x2pEðtÞ: (9)
In this study, Eqs. (3), (8), and (9) are solved using the
FDTD method as described in Ref. 8.
As mentioned earlier, the biggest obstacle to the FDTD
simulation of laser material processing problems has been
the extremely small laser wavelength compared to the do-
main size because a large grid density based on the wave-
length (e.g., at least 10 points per wavelength) is required to
obtain reliable results.8 In order to figure out this problem,
recently the authors developed a new method of enlarging
laser wavelength while maintaining the same reflection
characteristics.12 The key idea was to choose a set of
new parameters, e1, xp, and cp, which allow a use of an
increased wavelength knew while angle-dependent reflection
characteristics for s- and p-polarized lights with the original
wavelength k are exactly preserved. As well known,13
reflectance R is a function of refractive index n, extinction
coefficient j, and incident angle hi, as shown by the follow-
ing equations:
Rs ¼ ½n cos hi
2 þ j2
½nþ cos hi2 þ j2
; (10)
Rp ¼
n 1
cos hi
 2
þ j2
nþ 1
coshi
 2
þ j2
; (11)
where s and p denote the s- and p-polarizations. If Eq. (5) is
rewritten as
FIG. 1. Schematic diagram of the Yee space lattice.
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~er ¼ e1 þ ie2 ¼ e1 
x2p
x2 þ c2p
 !
þ i
x2
p
cp
x3 þ xc2p
 !
(12)
and knowing that14
n2 ¼ lr
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
e21 þ e22
p
þ e1
2
 
; (13)
j2 ¼ lr
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
e21 þ e22
p
 e1
2
 
; (14)
where lr is relative permeability, it is obvious that as long as
n and j are unchanged (in other words as long as e1 and e2
values are not altered), assuming lr ¼ 1, angle-dependent re-
flectance values will be preserved. Using this idea, we can
select knew together with a new set of e1, xp, and cp.
12
In Table I, we have calculated and listed simulation pa-
rameters for iron (Fe) under 1.06 and 10.6lm laser irradia-
tions, tin (Sn) under 1.06 lm laser irradiation, and aluminum
(Al) under 1.06 lm laser irradiation. For example, for an Fe
target irradiated by a 1.06 lm laser beam, n and j values are
3.81 and 4.44, respectively,13 and if we want to use a wave-
length of 212lm (200 times larger than the original wave-
length), e1 ¼ 2, xp ¼ 1:1458 1014, and cp ¼ 4:1773 1013
can be selected from Eqs. (12)–(14). Note that when the wave-
length is increased from 1.06 to 212lm, the required grid num-
ber in three dimensions reduces to 1/8 000000 of the original
grid number (i.e., ð1:06=212Þ3).
One important thing to consider here is the fact that the
reflection characteristic of a material changes as the surface
temperature increases or phase change takes place from solid
to liquid.15,16 Especially, a significant change in reflection pat-
tern is expected upon phase change. However, temperature-
dependent optical constants and optical constants for liquid
phase are very difficult to obtain, so in this study optical con-
stants for solid phase at fixed temperatures are employed.
Therefore, the results obtained in this study need to be inter-
preted with caution.
In Figure 2, we have presented a validation example
for Al under 1.06lm irradiation. (Fe and Sn cases were vali-
dated in Ref. 12.) In these figures, red solid lines denote the
analytically calculated angle-dependent reflectance values for
s-, p-, and circular polarizations, and blue triangles represent
simulation results using enlarged wavelengths with the param-
eters given in Table I. In Figure 2, reflectance is calculated as
the incident angle changes from 0 to 70 at an interval of
10. Note that 80 and 90 incident angles were not simulated
because these require an extremely large domain size to cap-
ture the entire reflection phenomena. As clearly shown, the
simulation results are in good agreement with the analytical
solutions. Therefore, we believe that, using this method,
reflection phenomena can be successfully simulated consider-
ing material types, polarizations, and incident angles.
In this study, laser interaction with fully penetrated
keyholes is simulated with the method described above. For
welding materials, iron, tin, and aluminum are considered,
and the specimen thickness is assumed to be 2mm. For
keyhole geometry, we have modeled the keyhole based on
the experimental observations of Fabbro et al.1 Fabbro et al.
observed that when a specimen is thin, the penetrated key-
hole is cylinder-like, and its front wall is tilted with a tilting
angle h, which is calculated as
cos h ¼ Vd
Vw
; (15)
where Vw and Vd are the welding speed and the “drilling”
speed, which is the speed of the front keyhole wall, measured
normal to the surface.17 The tilting angle h was found to
increase as the welding speed increases.1 Although the key-
hole that they observed is like a tilted cylinder with a varying
cross-section, in this study, we model the keyhole as a tilted
cylinder with a uniform cross-section for the sake of simplic-
ity, which in our opinion is reasonable enough to study
reflection phenomena inside the keyhole.
The schematic diagram of the computational domain is
shown in Figure 3. In Figure 3, the black lines show the com-
putational domain, and the red lines represent the welding
specimen with a keyhole. Note that the computational
domain needs to be of a finite size, so an absorbing boundary
condition (ABC) must be employed to absorb the outward
traveling waves. In this study, the convolutional perfectly
matched layer (CPML) absorbing boundary condition is
adopted, which is accurate, efficient, and suited for domains
with generalized materials.18
As the laser beam source, a continuous wave (CW)
Gaussian beam with a diameter of 600 lm was assumed and
TABLE I. Parameters used for FDTD simulations with an enlarged wave-
length of 212lm for 1.06lm and 10.6lm lasers. Fe, Sn, and Al targets are
considered, and n and j values are obtained from Ref. 13.
Material
k
(lm) n j
knew
(lm) e1 xp (rad/s) cp (rad/s)
Fe 1.06 3.81 4.44 212 2 1.1458 1014 4.1773 1013
Fe 10.6 5.97 32.2 212 2 3.0144 1014 3.4055 1012
Sn 1.06 4.7 1.6 212 20 1.9506 1014 2.8438 1014
Al 1.06 1.75 8.5 212 2 8.1266 1013 3.7135 1012
FIG. 2. Reflectance versus incident angle for aluminum irradiated by a
1.06lm laser.
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implemented in terms of the electric field. For example, a
laser beam polarized in the x direction is mathematically
expressed as
Exðx; y; zÞ ¼ E0 exp ðx
2 þ y2Þ
r20
 !
sinðxtÞ; (16)
where E0 is the electric field at the center of the beam
profile, r0 is beam radius, and x is laser beam angular
frequency, which is related to the beam wavelength as
follows:
k ¼ 2pc
x
; (17)
where c is the speed of light in vacuum. Different polariza-
tions can be simulated by using different combinations of the
electric field components.
Figure 4 shows the configuration of the keyhole and the
incident laser beam. The laser beam is assumed to irradiate
on the front part of the keyhole wall as shown in the left fig-
ure. In this study, the keyhole diameter is assumed to be
1mm, and the laser beam is assumed to be tangent to the
keyhole entrance at the front part as illustrated in the right
figure.
III. RESULTS AND DISCUSSION
In this study, using the keyhole geometry illustrated in
Figure 3, four different cases (See Table I) were simulated:
Fe under 1.06 lm and 10.6 lm irradiations, Sn under
1.06 lm irradiation, and Al under 1.06 lm irradiation.
FIG. 3. Schematic diagram of the computational domain.
FIG. 4. Configuration of the keyhole and the incident laser beam.
FIG. 5. Time history of circularly
polarized 1.06lm laser beam propaga-
tion through a cylindrical keyhole with
a tilting angle of 30. The target mate-
rial is iron.
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Simulation parameters are listed in Table I. For each case,
six keyhole tilting angles (0, 10, 20, 30, 40, and 45)
were simulated and three different polarizations were
considered. Because the keyhole shape is complicated, we
considered circular polarization and two kinds of linear
polarizations, “x-polarization” and “y-polarization,” where
the electric vector of the laser beam is aligned in the x- and
y-directions, respectively (see Figure 3).
Figure 5 shows the simulation results showing how a
1.06 lm laser beam propagates through a cylindrical keyhole
FIG. 6. 1.06 lm laser beam interaction
with a Fe specimen having a cylindri-
cal keyhole. The tilting angles are var-
ied from 0 to 45.
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with a tilting angle of 30. Here, the specimen is iron, and
the beam is circularly polarized. Note that in this study the
beam wavelength used is 212 lm although the angle-
dependent reflection characteristic is the same as that of
1.06 lm light. In this study, in order to visualize the laser
interaction with the keyhole, the electric field (jEj) in the
middle of the computational domain (shown as a shaded
region in Figure 3) is plotted. As shown in Figure 5, the laser
beam is irradiated from above vertically and is incident into
the keyhole as described in Figure 4. We can notice that the
actual electric field of the laser beam exhibits very complex
patterns because of the wave nature of the beam: reflection,
FIG. 7. 10.6 lm laser beam interaction
with a Fe specimen having a cylindri-
cal keyhole. The tilting angles are var-
ied from 0 to 45.
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and interference. In addition, it is clearly shown that the laser
beam cannot penetrate deep into the material due to the high
electrical conductivity of iron, which leads to a very shallow
skin depth. Here, the reference time (for t¼ 0) is set at the
instant when the laser beam is generated at the source plane.
From Figures 6–9, laser beam interaction patterns are
presented for Fe under 1.06 lm irradiation, Fe under 10.6 lm
irradiation, Sn under 1.06 lm irradiation, and Al under
1.06 lm irradiation, respectively. For each case, three differ-
ent polarization results (x-polarization, y-polarization, and
FIG. 8. 1.06 lm laser beam interaction
with a Sn specimen having a cylindri-
cal keyhole. The tilting angles are var-
ied from 0 to 45.
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circular polarization) are presented, and for each polarization
case, six different tilting angles are considered. As can be
easily noticed, interaction patterns are different for different
materials, wavelengths, polarizations, and tilting angles.
For all cases, the laser beam pattern becomes more com-
plex as the tilting angle increases. Initially, when the tilting
angle is 0, laser beams look like plane waves with minor
disturbances. However, as the angle increases, the beam pat-
tern becomes distorted due to the interference caused by inci-
dent and reflected waves. When the tilting angle is larger
than 20, now the beam pattern becomes completely frag-
mented, indicating that there are more than one reflection of
FIG. 9. 1.06 lm laser beam interaction
with an Al specimen having a cylindri-
cal keyhole. The tilting angles are var-
ied from 0 to 45.
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the beam occurring inside the keyhole. For 40 and 45
cases, we can clearly notice multiple reflections of the beam.
Note that in this study, regardless of the actual laser wave-
length, an enlarged wavelength of 212 lm was selected.
Therefore, the actual beam patterns will be much finer than
are shown in the figures.
Another thing to note is that, for all cases, the electric
field inside the keyhole is the strongest for y-polarization and
the weakest for x-polarization. Circular polarization results
seem to be somewhere between y-polarization and x-polar-
ization results, which is reasonable because mathematically
circular polarization is the average of y- and x-polarizations.
Note that stronger electric fields (or brighter patterns) indi-
cate that the absorption is weaker. In other words, when the
electric field is aligned in the x-direction (keyhole tilting
direction), higher beam absorption is obtained. We will dis-
cuss about this in more detail later.
Comparing Fe under 1.06lm and 10.6lm irradiation
cases (Figures 6 and 7), we can notice that the electric fields
are much stronger for the 10.6lm case, suggesting that the re-
flectance is higher for 10.6lm. This can be ascribed, as well
known,13 to the much higher absorptance of Fe for 1.06lm
than for 10.6lm.
Even at the same laser wavelength of 1.06 lm, the laser
beam patterns, especially brightness of the electric fields, are
found to be different for different materials. Note that at this
wavelength, at normal incidence, the reflectance of Al, Fe,
and Sn are 0.92, 0.64, and 0.46, respectively,13 which can be
FIG. 11. Keyhole absorptance versus
keyhole tilting angle for Sn under
1.06lm irradiation.
FIG. 10. Keyhole absorptance versus
keyhole tilting angle for Fe under
1.06lm and 10.6lm irradiations.
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verified from the figures: Al results has the brightest electric
fields, and Sn results show the dimmest electric fields.
In order to quantitatively measure the absorption charac-
teristic of the keyhole, for each case we have calculated the
keyhole absorptance using the Poynting vector as follows:
A ¼ 1
ð
jn  ðEHÞjdAbottomð
jn  ðEHÞjdAtop
; (18)
where n is the normal vector to the top and bottom surfaces
and the integrals in the numerator and denominator are cal-
culated over the keyhole bottom and top surfaces, respec-
tively. Note that absorptance is defined as the ratio of the
absorbed laser energy to the incident laser energy, and
the keyhole absorptance of the laser beam is calculated with
the energy flux difference between the top and bottom planes
of the keyhole as shown in Eq. (18).
Figures 10–12 present the keyhole absorptance versus
the keyhole tilting angle for Fe, Sn, and Al, respectively,
calculated using Eq. (18). When the tilting angle increases,
multiple reflections can take place, as evidenced from
Figures 6–9. Therefore, the absorptance becomes higher
when the tilting angle increases. In all figures, vertical
dashed lines are used to show the analytically calculated tilt-
ing angles at which the number of beam reflections changes.
For example, up to about 16, the actual number of reflection
is less than 1, and beyond this angle now the second reflec-
tion starts.
Overall, for all cases, the laser absorptance increases as
the tilting angle (and the number of reflections) increases.
Note that the tilting angle is known to increase as the weld-
ing speed increases, and this simulation result shows how the
extra energy required for a higher welding speed can be sup-
plied by the keyhole’s self-regulating capability of changing
the tilting angle. Also, for all cases, we can see that the
absorption is the strongest for x-polarization and the weakest
for y-polarization. Note that, for a flat surface, as well
known, a p-polarized light has a higher absorptance (or
smaller reflectance) than an s-polarized light for all incident
angle values that are larger than 0 (See Figure 2). In this
problem, with respect to the front and rear keyhole surfaces,
it is obvious that the x-polarized beam has a much higher p-
polarization component than the y-polarized beam, which
explains why the absorption is much higher when the electric
field of the laser beam is aligned in the keyhole tilting direc-
tion (or the beam scanning direction). Also, in Figures
10–12, it is found that circular polarization results are
exactly the averages of x- and y-polarization results except
for the 0 tilting angle, which is mathematically obvious
because the electric field rotates at a constant angular veloc-
ity. Therefore, from this study, we can say that the x-polar-
ized laser is the most effective in terms of laser beam
absorption. However, in this study, laser beam absorption by
plasma plumes and other physical processes are not consid-
ered. Therefore, this conclusion needs to be limited to the
problems where the Fresnel absorption is the dominant
energy absorption mechanism.
Figure 10 presents the absorptance results of Fe for 1.06
and 10.6 lm laser beams. As expected, the absorptance is
significantly higher for the 1.06lm laser than for the
10.6 lm laser. This result agrees well with our previous dis-
cussions on the stronger electric fields for the 10.6lm laser
inside the keyhole. The absorptance for a vertical keyhole is
about 25%–30%, and it increases up to 90%–100% as the
tilting angle increases to 45, at which the number of reflec-
tions is close to 4. For Sn, the absorptance values are a little
bit higher than those of Fe, as is expected from the higher ab-
sorptance of Sn. Compared with the Fe results, one noticea-
ble difference is that the absorption is especially stronger for
intermediate keyhole tilting angles (10–35). Figure 12
shows the angle-dependent absorptance values of Al under
FIG. 12. Keyhole absorptance versus
keyhole tilting angle for Al under
1.06lm irradiation.
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1.06 lm laser irradiation. Because Al has a very high reflec-
tance to this wavelength, the calculated absorptance values
are also much smaller compared to the other two materials.
Even at the 45 tilting angle, only about 30%–45% of the
incident laser energy is absorbed depending on the
polarization. Also, contrary to the Sn case, the absorption
capability of the keyhole is much weaker for the intermedi-
ate tilting angles, as evidenced by the almost horizontal
region from 10–30. We believe that this is ascribed to the
different angle-dependent absorption characteristics of the
FIG. 13. Intensity distribution patterns
on the keyhole surface for Fe under
1.06lm irradiation. Only half of the
keyhole is shown due to the symmetry.
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materials, and shows why full electrodynamic simulations
are needed for accurate predictions of laser beam absorption
characteristics.
In Figures 13–16, the laser intensity distribution patterns
on the keyhole surface are presented. In these figures, only a
half of the tilted cylinder is used to visualize the intensity
distribution, and the intensity distribution patterns are
calculated at a distance 12Dx away from the keyhole surface
to the vacuum side, where Dx is the grid spacing. Note that it
is very difficult to show the actual intensity distribution at
the keyhole surface from the discrete data obtained from nu-
merical simulations. Also, because of the extremely thin skin
depth of metals, we were unable to visualize the intensity
distribution patterns right below the keyhole surface in the
FIG. 14. Intensity distribution patterns
on the keyhole surface for Fe under
10.6lm irradiation. Only half of the
keyhole is shown due to the symmetry.
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material side. Therefore, these figures should be understood
as the intensity distribution patterns right before laser beams
are absorbed by the materials.
As shown in the figures, intensity distributions on the
surfaces are very complicated and vary significantly as the
material, polarization, and tilting angle change. For all cases,
the laser intensity distribution is generally the strongest for
y-polarization and the weakest for x-polarization. This result
is in line with previous discussions, meaning that when the
absorption by the keyhole is stronger, the electric field
FIG. 15. Intensity distribution patterns
on the keyhole surface for Sn under
1.06lm irradiation. Only half of the
keyhole is shown due to the symmetry.
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(therefore the laser intensity) inside the keyhole (vacuum
side) is weaker, and vice versa.
For comparison purposes, we have simulated the same
problem without an actual keyhole. Therefore, it is like a
1.06 lm laser beam is shining vertically from top in a
vacuum. Figure 17 presents the intensity distribution
results on a hypothetical keyhole surface with a 20 tilting
angle. As clearly shown, basically intensity distributions
are exactly the same for all polarizations. Therefore, we
can learn that different intensity distributions for different
FIG. 16. Intensity distribution patterns
on the keyhole surface for Al under
1.06lm irradiation. Only half of the
keyhole is shown due to the symmetry.
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polarizations in Figures 13–16 are caused by the existence
of the keyhole.
IV. CONCLUSION
In this study, laser beam absorption in fully penetrated
keyholes has been simulated using an FDTD method. The
major findings are summarized below:
(1) The FDTD algorithm with the Drude model for metals
and the wavelength enlargement scheme is very effective
in simulating laser absorption inside a keyhole due to
multiple reflections. The simulation results agree very
well with theoretical predictions.
(2) In terms of laser energy absorption, the x-polarized light
(where the electric vector is aligned in the welding direc-
tion) is the most efficient, the y-polarized light is the least
efficient, and the absorptance of the circularly polarized
light is the average of the two. The x-polarized light has a
much higher p-polarization component than the y-polar-
ized light, which explains why absorption is higher.
(3) The electric field inside the keyhole is the strongest for
y-polarization and the weakest for x-polarization.
(4) Laser interaction patterns inside the keyhole and inten-
sity distributions on the keyhole surface vary signifi-
cantly as the type of material, wavelength, polarization,
and tilting angle change.
(5) As the keyhole tilting angle increases, keyhole absorptance
increases for all materials, wavelengths, and polarizations.
For Fe and Sn at a tilting angle of 45, almost 100% laser
energy can be absorbed by the Fresnel absorption mecha-
nism. For example, for Sn under x-polarized 1.06lm irra-
diation, absorptance increases from 30% to 100% as
the tilting angle increases from 0 to 45. On the other
hand, for Al under y-polarized 1.06lm irradiation, absorp-
tance increases from 10% to 30% for the same tilting
angle range. For Fe under 10.6lm irradiation, the Fresnel
absorption mechanism is very inefficient and the maxi-
mum absorptance at 45 is only 13%.
(6) At high welding speeds, to a certain extent, the extra
energy required to maintain the keyhole can be supplied
by the keyhole’s self-regulating capability of changing
the tilting angle.
To the best of the authors’ knowledge, this is the first
attempt to the electrodynamic simulation of laser absorption
phenomena in a large-scale laser welding problem, and we
believe that this type of approach is the most accurate way of
calculating absorption characteristics of complex structures,
such as keyholes.
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